Direct cooling by means of jets and sprays has been considered a solution to the problem of cooling high power density electronic devices. Although both methods are capable of very high heat removal rates it is necessary to be able to decide which one is more convenient than the other when designing a cooling system for electronic applications. In this work the results of an investigation of the performances of sprays and arrays micro jets are reported. Experiments have been conducted using HAGO nozzles and orifice plates to create droplet sprays and arrays of micro jets, respectively. The liquid jets had diameters ranging from 50 to 150 µm and the pitches between the jets were 1, 2, and 3 mm. The test fluid was deionized water and the jet Reynolds number ranged between 90 and 2600. A comparison of the results obtained employing both sprays and jets has been carried out. The micro jets have dimensions of the same magnitude or smaller than those of the electronic components. The micro jet arrays give better heat transfer rates than the large diameter ones studied in the past and they use liquid mass flow rates similar to those used by the sprays.
INTRODUCTION
As the chip fabrication technology keeps improving, smaller and more powerful components are introduced in the market. The traditional air cooling techniques struggle to remove the high heat fluxes generated by these new microchips and new ways are sought to cool the components. Active cooling methods are taken into considerations, and in particular those that can provide high heat transfer rates.
Liquid droplet spray and jet impingement cooling have been widely used in the metal manufacturing industry and have been shown capable of high heat removal rates. Researchers have investigated the possibility of applying such techniques to the cooling of electronic components. In this study the goal is to develop a close loop system where the liquid is sprayed directly on the back surface of the microchip thereby removing the heat and is then collected and cooled down in a small heat exchanger, and finally is recirculated by a small pump.
The droplet sprays can have the form of a mist, and impinge on the surface with a random pattern or they can be formed by one or more streams of droplets which hit the surface on a fixed pattern. If the frequency of the streams is high enough, the droplets merge forming continuous liquid jets. After hitting the surface, the liquid droplets spread and if they are close enough they merge covering the surface with a thin liquid film. If the wall superheat is high, a thin vapor layer is present underneath the droplets or the thin liquid film. The heat transfer process is transient and it involves liquid and vapor convection, thin film evaporation, and air convection. The areas not covered by the droplets dry out.
When continuous liquid jets are employed, the liquid film covering the surface is continuous and the heat is removed mainly by convection. Evaporation from the thin film may occur at high heat fluxes or low flow rates.
The physics governing the heat removal process by sprays or jets is very complex and still not completely understood, and few theoretical models are available in the literature. Hence, it has turned out to be easier to investigate the various aspects of the problem by performing experimental work. Several studies have been conducted in the past on sprays, but most of them deal with the boiling regime, which is not of interest in the present work. Air driven sprays obtained using atomizer All properties except for h fg were evaluated at the mean film temperature. The range of parameters for their experiments is reported in table 1.
nozzles are not considered in this study because they would be impractical to use in a closed system for electronic cooling.
Bonacina, et al. [1] presented a study in which they developed a one dimensional conduction model for multi drop evaporation. They compared the predictions from the model to the experimental results they obtained using water droplets impinging on an aluminum surface at low wall superheats. The average droplet size was approximately 400 µm and the impinging velocity was between 1 and 2 m/s. They used camera and video camera to obtain information on the fraction of the heater's area covered by the droplets. The highest heat transfer coefficient achieved in the experiments was 150 kW/m 2 K, and the maximum heat flux was equal to 220 W/cm 2 . The experimental data matched well with their prediction.
Cho and Ponzel [5] experimentally investigated spray cooling of a heated solid surface using subcooled and saturated water. They tested three full cone nozzles having orifice diameter equal to 0.51, 0.61, and 0.76 mm, respectively. The distance between the nozzle and the 50 mm diameter copper heated surface was kept at 30 mm. Three liquid flowrates were tested (8.7, 5.4, and 3.7 ml/s). From the analysis of their data, Cho and Ponzel concluded that the droplet size was important only when evaporation occurred on the liquid film deposited on the impinged surface. Even though most of the data showed that the liquid flow rate had negligible effect on the heat transfer in single phase, for the case of the 0.51 mm diameter nozzle, where a flowrate of 1.8 ml/s was also tested, the heat transfer improved as the flowrate increased. They correlated their single phase heat transfer data as a function of Reynolds and Prandtl number only, as shown below, Ghodbane and Holman [2] first, and Holman and Kendall [3] later studied spray cooling on constant heat flux vertical surfaces. They tested full cone circular and square hydraulic nozzles using Freon-113. Two square heat transfer surfaces were studied (7.62 x 7.62 cm 2 and 15.24 x 15.24 cm 2 ) and from that they concluded that the heat transfer is independent of the impinged area as long as the spray is uniform. They also found that the heat transfer increases almost linearly with the droplet mass flux, and that a high degree of subcooling causes higher onset of nucleate boiling and CHF. They correlated all the data obtained in [2] and [3] They used the empirical formula developed by Mudawar et al. [6] (eq.6) to calculate the droplet diameter. The fluid properties were evaluated at the mean film temperature.
We d d (6) where We was the droplet Weber number and it was defined as, where v was the droplet breakup velocity and it was given by
They opted to calculate the droplet mean Sauter diameter according to the correlation developed by Bonacina et al. [4] (eq.4), since it had the best agreement with the nozzle manufacturer's specifications. Oliphant et al. [15] carried out a comparative study between sprays and jets. They utilized arrays of 4 and 7 jets of deionized water impinging on top of a 1.9 cm diameter aluminum cylinder. A cartridge heater provided heat to the aluminum cylinder and 6 thermocouples measured the temperatures under the wetted surface allowing the calculation of heat flux, surface temperature, and heat losses. Two jet diameters were used: 1 and 1.59 mm. The jet Reynolds numbers investigated in the study ranged between 3150 and 11300 (41. 8 -178 .46 kg/m 2 s). The jets were spaced such that each covered an equal fraction of the total heat transfer area.
Impinging liquid jet cooling has been studied by many researchers, and both experimental data and theoretical models are available in the literature. A very extensive review of the studies on jet impingement is the one by Webb and Ma [7] . It has been concluded that the local heat transfer under a single liquid jets deteriorates quickly when moving away from the stagnation region. This fact causes the surface temperature to be nonuniform. To overcome this problem, arrays of jets have been used. The application of this technique to electronic cooling requires the jets to have much smaller diameters than those used in other applications. Only a few studies took into considerations jets with diameters smaller than 1 mm, such as those by Elison and Webb [8] , and Womac et al. [9] for a single jet, and those by Jiji and Dagan [10] , and Womac et al. [11] for jet arrays. Recently Fabbri, Jiang and Dhir [12] have studied the heat transfer occurring under arrays of impinging jets with diameters between 50 and 150 µm. They were capable of removing heat fluxes as high as 250 W/cm 2 at relatively low surface temperatures using deionized water as the coolant. They didn't limit their investigation to water but also used FC40 in order to cover a broader range of Prandtl number. A correlation that allowed the prediction of all the data within ±20% was given as, In order to produce the spray, the orifice plate used to generate the jets was substituted with a full-cone, air-assist atomizer (Delavan Airo Type B). Mass fluxes between 1 and 30 kg/m 2 s were investigated. The manufacturer's specified mean Sauter diameter for the droplets was 50 µm. From a plot of jets and spray heat transfer coefficient versus mass flux, they concluded that spray and jets have heat transfer coefficients of the same order of magnitude, but the spray obtained it using a lower mass flux. They also stated that if the data for the spray are extrapolated into the same mass flux range as that of the jets, "the spray impingement is significantly more effective than the liquid jet arrays".
The jet diameters used in the study by Oliphant et al. [15] can be considered large for electronic cooling and so can the mass fluxes utilized to generate the jets. Also, as mentioned before, the use of an atomizer nozzle is not practical for the design of a closed system. Lastly, no information is given as to what the pressure drop across the atomizer nozzle would be at the same mass fluxes employed for the jets. It is reasonable to expect it to be much higher than that across the orifice plate. 
where Re dn was the jet Reynolds number at the nozzle exit, Pr the liquid Prandtl number and D eq /d n the ratio between an equivalent diameter of the area of influence of each jet and the jet diameter at the nozzle exit. D eq was given as, . The correlations presented by
Womac et al. [11] , Pan and Webb [13] , Yonehara and Ito [14] developed using arrays containing a maximum of 9 jets which had diameters larger than 250 µm could not predict the data measured by Fabbri et al. [12] with highly populated arrays of microjets.
It is not unreasonable to consider deionized water as coolant liquid for electronic applications. Shaw et al. [16] successfully provided electrical insulation by applying, through a vapor phase process, a 25 µm thick coating of Parylene to the exposed surfaces of the components of a commercial 3-phase IGBT power module. The power module, which was part of a 15-hp variable-speed AC motor drive system was then directly cooled with DI water jets. No electrical leakage was detected even though the power module operated with high standoff voltages of about 325 VAC.
The purpose of this study is to compare the heat transfer performance of liquid droplet sprays and micro jet arrays in a range of parameters suitable for electronic cooling applications, and to find out if or when one is better than the other. Experiments have been carried out with both sprays and arrays of micro jets in the single phase regime. 
NOMENCLATURE
A stainless steel plate supported the Teflon jacket -copper block assembly. The spent liquid flowed from the copper to the Teflon to the stainless steel plate, and then drained into a reservoir installed before the pumps. Figure 2 shows the details of the test section.
EXPERIMENTAL APPARATUS
Micro jets set up An experimental rig was designed and built to test ten different arrays of jets. The coolant was circulated with two variable speed gear pumps, which were installed in parallel. Three flowmeters, two rotameters and a turbine flowmeter installed in parallel were used to measure the liquid flow rate. The uncertainty in the flow rate measurement was about ±3%. Before entering the flowmeters, the coolant passed through a heat exchanger where it was cooled down to the chosen spray temperature. The liquid was then pushed through a 0.5 mm thick stainless steel orifice plate to form the jets. The holes in the plate were laser drilled, and they were arranged on circular rings giving both radial and circumferential pitch, s of 1 (397 jets), 2 (127 jets) and 3 (61 jets) mm. The jet diameters investigated in the experiments were 50, 100, 150 and 250 µm. Deionized water was the test fluid.
Figure 2 Test section details.
Thermocouples to measure the liquid temperature were installed upstream of the flowmeters, and ahead of the orifice plate. Another thermocouple was used to measure the ambient temperature. Data were recorded using two 16-bit data acquisition shuttle boards manufactured by IO-Tech.
The orifice plate was attached with screws to a stainless steel adapter, which was in turn connected to the pipe coming from the flowmeters. The pipe slid through a flange positioned on top of the heat transfer surface, and it could be blocked by means of a screw so that the distance between the orifice plate and the cooling surface could be adjusted to the desired value. Figure 1 shows a schematic of the experimental apparatus.
It is important to note that the outer one or two rings of jets (depending on the pitch used) impinged on the Teflon jacket and not on the copper surface. Thus, the actual number of jets impinging directly on the copper surface was 37, 61 and 271 for 1, 2, and 3 mm pitch, respectively. Figure 3 shows a 60 o sector of each orifice plate. The orifice plate to heater distance was 10 mm.
EXPERIMENTAL PROCEDURE
The thermocouples were calibrated prior to installation, by submerging them in an ice bath and in boiling water, and comparing the readings with those provided by a high accuracy mercury thermometer (±0.1 o C). Prior to running the experiment the copper surface was polished using a 600 grit sandpaper and then a copper polishing solution, which made the surface very smooth and shiny. Thereafter, in order to guarantee the same surface condition throughout the duration of the experiment, the surface was oxidized in air for five hours at 320 o C. After the pumps had been started, and the liquid flow rate set to the desired value, the cartridge heaters were energized. Once all the parameters reached steady state, values were recorded for 100 s at a sampling rate of 1 Hz. The data acquisition system allowed real time monitoring of all the parameters in both numerical and graphical form so that it was possible to assess when steady state had been reached. Thereafter, the power to the copper block was increased and a new set of data recorded. The experiment was stopped when either the surface temperature was above the boiling point or when the temperature at the base of the copper block rose to above 350 o C, which could damage the Teflon jacket and the electrical wires. The maximum uncertainties, calculated according to the procedure outlined by Kline and McClintock [17] , were ±18% for the heat flux, and ±20% for the heat transfer coefficient. 
Spray set up
The experimental rig used for the testing of droplets spray is the same as the one use for the microjets, but instead of orifice plates a HAGO nozzle was installed above the copper heat transfer surface. Originally designed for use with home power spray humidifiers, this nozzle produces the finest possible atomization with direct water pressure operation. Minimum operating pressure is 274.8 kPa gage pressure but increasingly finer droplets result from higher operating pressures. Each nozzle is individually spray tested for flow rate, spray angle, and spray quality. Standard spray angle is 70 o . The extremely fine atomization of the Type B nozzle has resulted in its adoption for many uses where fine atomization and precise flow rates are required such as evaporative cooling, humidification, moisture addition and misting. The "DFN" type nozzle is designed for low flow rates from 18.9 ml/min to 63 ml/min. It employs two sintered bronze filters, which give more surface filtration. The specific type of the nozzle used in this study is "DFN" B100. Figure 4 shows a picture of the nozzle, of the spray cone, and of the droplets pattern on the impinged surface. The mean Sauter diameter of droplet for DFN-B100 nozzle at 274.8 kPa gage pressure is 44 µm according to the manufacturer. The orifice's diameter of the spray nozzle is 356 µm.
RESULTS AND DISCUSSION
The heat transfer performance of droplets sprays and arrays of micro jets are evaluated by comparing results having either the same water flow rate or same heat transfer rate or same amount of power spent for the heat removal process. A parameter used in this evaluation is the ratio between the power removed from the copper surface (which represents an electronic device), and the power necessary for accomplishing this task. The power removed is calculated by multiplying the heat flux, q, (given by the slope of the measured temperature profile) at the surface times the heat transfer area (which is equal to 2.925 cm 2) . The power spent for the cooling process corresponds to the pumping power necessary to push the liquid through the HAGO nozzle or the orifice plate. It can be calculated by multiplying the volumetric flow rate V times the pressure drop ∆P across the nozzle or orifice plate and is given as, The two water flow rates were tested using the HAGO nozzle 50.56 and 81.56 ml/min, respectively. The major drawback of this HAGO nozzle is the high flow coefficient, which causes the pressure drop to increase rapidly at higher flow rates. At a flow arte of 50.56 ml/min the pressure drop is 283 kPa, whereas at a flow rate of 81.56 ml/min it becomes 843 kPa. . The area averaged heat transfer coefficient is defined as, Prediction from Holman et al. [3] liq w T T q h − = (10) In Figs.5 and 6 the heat transfer coefficients measured during to the experiments with the HAGO nozzle are compared to the predicted values calculated using Eqs. 1 and 4 with the present values of pressure drop across the nozzle, liquid flowrate, orifice diameter, droplets mean Sauter diameter, T w -T liq , and heater diameter. As it can be notice the present data are overpredicted by both correlations. The differences can probably be attributed to the fact that the droplet size generated with the HAGO nozzle is much smaller than those used by Ghodbane et al. [2] , Holman et al. [3] , and Cho et al. [5] . Therefore some of the parameters are out of the range for which the correlations were developed. and Cho et al. [5] . Figure 7 Comparison between spray and micro jets performance for a flow rate of 50.56 ml/min. The area average heat transfer coefficient is shown in Figs.7 and 8 along with those obtained using micro jets for similar values of the flow rate. Figure 7 shows that at a liquid flow rate of 50.56 ml/min, the spray performs better than the micro jets. At a liquid flow rate of 81.56 ml/min, as illustrated in Fig. 8 , the droplets spray and the micro jets have almost the same heat transfer rate. In both cases the ratio between pumping power and the power removed by the liquid for the droplet spray is much higher than for most of the jet arrays (Figs. 9 and 10 ). The heat transfer coefficient is found to be independent of T w -T liq for the droplets spray and to increase weakly with T w -T liq for the microjet arrays. Figure 11 shows a plot of h versus T w -T liq for both the HAGO nozzle spray and the micro jet arrays. These results indicate that it is possible to obtain similar performance using sprays and micro jet arrays, and within the jets arrays different configurations can achieve the same goal. Figure 12 shows a plot of the ratio between the pumping power and the power helpful in deciding which technique or jets' configuration is the best at that particular heat transfer rate. It can be seen the spray has a very low efficiency compare to most jet configurations. It can also be inferred that it is less expensive in terms of pumping power to utilize a higher flow rate and bigger jet diameters than small high velocity jets. A similar conclusion can be drawn by looking at what is more convenient for the same amount of energy spent in the cooling process. As Fig. 13 illustrates, most of the micro jets configurations outperform the spray. Micro jets of 150 µm in diameter spaced 2 mm apart can handle a heat transfer rate 2.5 times higher than a spray for the same T w -T liq and using the same pumping power. The data obtained by Oliphant et al. [15] for spray and jets are plotted together with the present ones in Fig. 14 . It can be seen that the two different types of spray have similar heat transfer coefficients with a small edge in favor of the HAGO nozzle. On the other side, the highly populated micro jet arrays used in this study are preferable than the arrays with few and large jets, because they need a much lower flow rate to obtain the same heat removal rates. This is most probably due to the presence a thinner liquid film and of many more stagnation points on the heater surface. Lastly, the microjet arrays can have same or better performance than the sprays using a similar flowrate, but lower pumping power. 
CONCLUSIONS.
The heat transfer using droplets sprays and arrays of micro jets has been studied. It was concluded that at a flow rate of 50.56 ml/min the spray has a higher heat transfer rate than any jet configuration, and that at a flow rate of 81.56 ml/min jet arrays with different number of jets can perform as well as the spray. The micro jets arrays have usually lower energy consumption than the spray for the same flow rate. For equal pumping power and at a wall to liquid temperature difference of 76 º C, the jets can remove heat fluxes as high as 240 W/cm 2 , while the spray can only handle 93 W/cm 2 . Furthermore, the pressure drop for the HAGO nozzle quickly reaches values that are not practical, and which would require more sophisticated pumps. In practice, there is always a combination of jet diameter and jet spacing that yields the same heat transfer coefficient as that of the spray, but at a much lower energy cost.
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